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I,KPROVED CALCULATIONS OF ENERGY DEPOSITION FROM FAST NEUTRONS

D. J. Brenner, R. E. Prael, J. F. Dicello, and X. Zaider*
Los Alamos National Laboratory

Los /d. SmOS, NM 87545 USA

ABSTRACT

Increased interest in fast neutrons for radiotherapy has led to a need
for accurate measur=ents and calculations in the energy region up to 100
MeV. Bcperimental neutron cross sections on elements of biological
interest in the region above 15 MeV are sparse. lbreover, until recently,
no secondary particle production spectra had been measured in this euergy”
range. New data from the University of California at Davis has allowed
cross-sectione.l calculations to be more firmly based. This in turn results
in lmprovsd calculations of dose and energy deposition in small sites from
high-energy neutrons.

Secondary particle prodl~ctionspectra due to neutrons incident on
carbon and oxygen are calculated using an intranuclear cascade code which
takes j.ntoaccount specific nuclear properties of carbon cnd oxygen (in
particular, alpha-particle clustering). It also allows excited nuclei to
deexcite by Fermi breakup rather than the rncre frequently used statistical
evaporation mechanism, ‘~hich is not applicable to lox-mass nuclei. The
code yields doubl-differential secondary particle spectra in energy and
Eng10 which show good agreement with the experimental data from the
University of California at Davis at 27, 40, and 61 MeV.

The uss of these completa theoretical cross-section data allow, for
example, the calculation of absolute depth-dose curves for particular
beams , as opposed to dept.hkarma curves which are less sensitive to
secondary particle di~trlbutions. ‘1’hesecalculations are perfonaed with a
Monte Carlo-neutron transport code; buildup
secondnry charged particle discrlbutiona
neutrori beams (e.g., p(65)-Be),

The cros-sectional data see also

curves which are sensitive to
are calculated for high energy

&llowg th? calculation of
energy-deposition distributions in small sites, these dle~ributions being
eve,>wore -,l.,},itiveto the eecondary particle spectra, Hicrodosimatric
l~ncal energy spectra are calculated with }bnto Carlo techniques reported
previously usir,g ns input ❑easured nautron anergy spectra. h an example,
tho lineal ●nergy spectra froa p(65)-Be and 20 lteVmonoenersetic neucrono
in a 2-Lra site sf.zoshow excellent’agreement with experiment.

Current address: mdioio~icnl Rccaarch Ltboratoryp Columbia University, New
York, NY
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Introduction

The increase in interest in fas~ neutron radiotherapy Sn USA and
Europe has focused attention on the lack of reliable neutron
cross-sectional data above 15 McV. Possible theoretical techniques for

. predicting these cross-sections for carbon, oxygen, and nitrogen have besn
reviewed by Jackson and Brenl}er.1 In light of “::.1swork, it is clear that
calculation specific to light nuclei must be LSC2. We have, thereiozc,
chosen to refine an intranuclear cascade and deexcitation ❑odel putting in
specific nuclear data to make the deexcitation as realistic as possib’.c.

The calc~~ations described in this paper have been performed with two
codes designated INCAl aridINCA2. tiiginally obtained from the University

2 the two codes have been extensively rewritten, modified andof Msryland,
extended at Los A1.amcJ. INCAI is an intranuclear cascade code based on the
well-known VEGAS3 code. INCA2 is a code to calculate the deexcitation of
light nuclei by the Fermi breakup model.

INCAl is based on the scheme presented by Chen4 with the follo~”ing”
different features:

1) it lacks the pion physics of the VEGAS code, and thus is useful
only below the pion produ~.tion threshold.

2) a treatment of alpha and deuceron clusters, with user specified
spectroscopic parameters;

3) aaong ocher options, the nuclear density may be described by a .
three-parameter Fermi distribution or a harmonic wall.

At the present time, the cluster treatment is rather llmited and
unrealistic in that the clusters ●re treated as fermians. me braakup of
th8 clusters within the nucleus la allowed, but the method has not been
closely examined. An improved quantun-mechanical treatment of clusters is
planned.

INCA2 is ueed to calculate the deexcitation of the residuai nucl 1
obtained from INCA.!. tThe fomlation follows the prescription of Epherre ,
with chal.lel probabllitle~ and particle riomenta determined by phasa space
considerations. ll:~ever, a nuaber of features have been included to
supplement the ba6ic Fermi breakup model:

1. up to seven-body breakup wodea are allowed;
2. particle-unstable lavele are ●llowed as j.ntermdiate etatca, thus

pamitting sequential decay procesa~s;
3. two-body breakup channelJ use a Coulomb barrier penetration factor

●pproximated from Coulcmb wave functions, while multipartfcle ❑odes
use ● breakup threshold ●djuated for Coulomb energy;

4. two-body braakup of lavols with known ~pin ●nd pkrity ara
restricted to conserve parity ●nd ●re inhibited by neutral particle
●ngular momenttm barrier penetrar.ion factoro,

Although the two codes have @everal ●djustable pnramaterm, perhaps the
most aengitlve ●re the cutoff paremetero to specify the minimum e~targyA
particle may have to ●mcapm during the cawcade. High cu~offs favor

‘ compound nuclauo formation, while low cutoffs favor dirnct reactions in the
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cascade stage. In the calculations described below, the
for the charged particles was taken to be 1 MeV above the
while 3 MeV was used as a neutron cutoff. The calculation
average of one alpha cluster plus eight nucleons in 12~@

Results of the Cascade.— ——

cutoff energies
Coulomb barrier,
employed a t5me

In Figi21, the calculated nonelastic and (n,n’)3a sections for
neutrons on C are shown. The nonelastic cross section agrees fairly well
with experimental results above 40 MeV, but is noticeably smaller than the
ENDF-B/V evaluat ~~OC1OW 20 MeV, as is the (n,n’)3a cross sec:ion. The
overestimation ,f a particle production at 20 ,HeV by the ENDF-B/V
evaluation has been qualitatively inferred by l&Donald et al.5 In Fig. 2,
angle-integrated secondary particle production cross sections at 40 MeV are

Romero.6 Theseshown and compared with the experimental data of Brady and
figures illustrate .some general trends in the calculation over the whole
energy range of interest:

1. generally good agreement is obtained for protons, tritons, and
alpha particles at 27, 40, and 61 lieV;

2. calculated results for alpha particles are somewha~ low at high
energies;

3. the lack of a model for pickup reactions leads to deuteron
production rates that are a factor of 3 to 5 too low over this
energy region.

We have also calculated doubl-differential particle production
spectra which show the same trends and about the sue degree of agreement
as the angle-integrated data. As an example we Ghow in Fig. 3 the proton
spectrb at two angles resulting from 61 MeV neutrons incident on 12~o

Ln Fig. 4, t\e calculated ke,rmafactors for 12C are shown over the
energy region 10 MeV to 160 McV. The results include the co~’~ibution from
all heavy fragmen s and an elastic

#
recoil contribution calculated by

Herllng and Basscl. In Table 1, the calculated contributions of varicus
particles to the kema factor are compared to ●xperiment. 73 addition, the
results 0’ talc

13
ations forcing the breakup to go entirely by the compound

nucleus C (an approach used, for ●xample, by Dimbylow8) are shokn; the
individual contributions show much less agreement with experticnt.

Er,?rn Depositio~ Calculation Techni~u&—

The production of reliable cross tections for secondary-particle
production allows us to perform improved calculations of deptlrdose curves,
buildup curves, a c1mfcrodogimotric

f
spectra. tir techniques have been

described earlier : in essence, a pointwise Monte Carlo approach in used in
which an experimentally determined energy #pQckrun of neutrons is
transported and the recultant heavy charged particles are tracked from one
ionizing collision to the next, the secondary ●nd higher generation

delt-ray tracks which cause stragglfns also beins fo].lowed usin8 Monte

Carlo ❑ethods. Tha differential production crose .ectiono for deltn rays

were estimated by afismin8 that delta-ray formation processes for given ion
valuea of z ●nd 13 (1.e,, chargn

f
nd cpeed) are the sema as for electrone

axcept for ● scaling factor of z . The pctiary elactron data were obtiined

,as in Ref, 9. We intend to incorpor~ta recent data on dalta-ray production
‘ in ion acorn collision (asgs ~ Raf. 10) into our calculation which will,
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remove sone of the uncertainties associated with the scaling described
above.

Results of Energy Deposition Calculations—

In order to test our calculations at energfes well above 20 HeV, we
show some results for the p(66/65)-Be neutron beams at Fermilab/UC Davis.
In both cases, the initial neutron energy spectrua was taken from
measurements at UC thvis,ll together with low energy neutron producti~~
data (< 10 tleV) taken from activation measurements in a d(40)-Be beam,
the latter measurement being normalized at 10 MeV to the former.

Figure 5 shows our calculations of the central-axis depth-dose curve
in comparison with experiment. Figure 5a is absolutely normalized to the
incident proton current, a feature not accomplished in other such
calculations. The buildup regfo~, sho~-n in Fig. 5b shows moderate
agreement with experiment. 13 Possible sources of part of the disagreement
are external protons and photons originating in the target or collimator.
Calculationally, the use of the d(40)-Be low-energy neutron spectrum below
10 MeV may be the source of some of the discrepancy. ~bre2rccent
experimental data from Fermilab14 between 0,29 and 0.58 gin/cm are,
however, in significantly better agreement

9
th the calculation. Figure 6

shows off-axis dose profiles undet a 6 x 6 cm
15

colltiator, which show good
agreement with experiment. The degree of agreement at distances from the
axis greater than 6 cm (ice., underneath the collimator) fs sulprlslng,
indicating only a small contribution to the dose irom the collimator
itself. Figure 7 shows a comparison of calculated and experimental
microdosimetric spectra for p(65)-Be and for 20 MeV monoenergetic neutrons.
In both cases good agreement with experiment was obtained, in the latter

case significantly better than the calculation of Casvell ard Coyne16 who
used ENDF/B cross sections and did not take,straggling into account.
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TABLE 1

12C at 27.< hfeV(rad/(101g/cm2))Partial iCermaFactors for

Particle Experiment Calc

0.37 * 5% 0.326 * 1. %
:“ 0.42 t 20% 0.090 ~ 1.1%

0.02 ~ 20%’ 0.029 t 1.6%
3:e ---- 0.0034 ~ 4%
a 1.78 t 5% 1.895 t 0.5%

Nonelastic , ---- 0.230 t 0.6%
recoil ‘

a

Nonelastic
reccil

a

Non lastic
recoil

Kerma for 12C at 39.7

0.89 k 5% 0.’92 t 1.0%
0.62 t 5% 0.121 ~ 1.0%
0.10 ~ 5% 0.106 t 1.1%
0.08 t 20% 0.034 * 1.4%
1.45 ~ 5% 1.403 * 0.6%
---- 0.380 t 0.6%

Kerma for 12C at 60.7

2.11 35% 1.757 * 009%
1,22 is% 0.224 A 1,1%
0.26 t 20% 0.160 t 1.2%
0.13 ~ 20% 0.083 t 1.5%
1,21 * 5% 1.291 i 0.7%
---- 0.365 * 0.7%

Calc(13C*)

0.235 t 1.2%
0.241 t 1.1%
0.077 t 1.6%
0.0088 t 4%
2.493 * 0.5%
0.420 tO.9%

0.330 f 1.2%
0.431 ~ i.1%
0.420 t 1.1%
0.093 * 1.8%
1.961 t 0.9%
0.792 * 0.9%

0.777 ~ 1.1%
0.831 * 1,2X
(-).733~ 1.1%
0.258 t 1.5%
2.555 t 1.0%
0.752 t 1.1%
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Full Line: Calculated nonelastic cross
section.
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elastic cross section.

Full Line: Calculated (n,n’)3a cross section.
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Comparison of calculated angle-integrated inferential cross
sections for 40 MeV neutrons i cident on

8
1!!C with the experi-

mental results of Brady et al.
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Figure 3

Comparison of calculated double differential cross sections for
proton production by 61 MeV neutrons incident on 12C with the
experimental results of Brady et al.6
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Absolute depth-dose curve for Buildup cume for c p(66)-Be(40)
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Off-axis dose,profiles for a
5.7 x 5.7 cmz field size in ,
a p(65)-Be(40) beam. The
points are from this calcula-
tion; the full line (2 cm
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(20 cmdepth) are experimen-

tal’results from Ref. 15.
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Figure 7

Microdosimetrjc spectra for a p(65)-Be(65) beam
(upper graph), and a monoenergetic 20-MeV beam
‘(lower graph) . The full lines axe experimental
data fron Refs. 11 and 5 and the dotsare our
calculation.


